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Abstract 
Initial defects and water have a significant influence on the fatigue behavior of RC bridge slab. Specially, since the 
RC bridge slab has a relatively high surface-to-volume ratio, initial cracks tend to be generated on the surface with 
respect to dry shrinkage during curing stage, and therefore the durability and the long-time serviceability of the 
bridge slab under severe environmental conditions would be influenced significantly. However in the majority of 
practical cases, this risk is generally omitted in the design stage. 
The object of this work is to establish a quantitative understanding about the influence of initial defects as well as 
water on the fatigue performance of RC bridge slab. Here, the fatigue behavior of RC bridge slab subjected to central 
fixed pulsating loads is experimentally investigated and analytically simulated with full three-dimensional nonlinear 
finite element analysis. 7 full-size slab specimens are systematically designed with initial defects by means of 
intentionally inducing dry shrinkage or artificial damage before loading. Then upper surface of some specimens are 
implemented to water-exposure condition, while other specimens are loaded in dry condition as comparison.  
According to experimental results, water is found to cause dramatic reduction in fatigue life of RC bridge slab, at 
least one order shorter than that of air loading cases. The three-dimensional fatigue damage simulation successfully 
predicts the characteristic mode of failure under fixed-point pulsation. Importantly, analysis indicates that the initial 
stiffness is reduced and the ultimate failure mode is altered from flexural to shear punching due to dry shrinkage, 
accordingly the fatigue life of RC slabs is clearly shortened.  
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1. INTRODUCTION
Fatigue analysis and lifetime evaluation are important in design proposals to assure the safety and 
reliability of RC bridge slab. Recently, with the powerful advancement in computer simulation 
technology and accumulation of past valuable experimental investigations, the mechanism of the fatigue 
behavior and the prediction of lifetime for RC bridge slab are become clearer and more accurate than that 
we did ever before. 
However, scant studies have been carried out on the fatigue life estimation of RC bridge slab dealing 
with initial defects, dry shrinkage cracks for instance. Since concrete has relatively higher compressive 
strength than its tensile strength, the low tensile strength makes it subject to early age cracking caused by 
excessive dry shrinkage or other attacks. Worth mentioning, this omitted risk can significantly influence 
the durability and the long-time serviceability of the bridge slab under various environmental conditions. 
Thus, the object of this study is to establish a quantitative understanding about the influence of initial 
defects on the fatigue performance of RC bridge slab. In addition, bridge slabs are always exposed to rain, 
so the factor of water is also taken into account in this work. 
2. EXPERIMENT ON RC SLAB UNDER FIXED PULSATING LOADS 
2.1. Experimental setup and specimen basic information 
In the experiment, the RC slab is simply supported on two longitudinal edges with free rotation and 
subjected to central fixed pulsating load through 100mm x 200mm effective contact area by a steel plate. 
The dimensions of the slab are 1200mm x 2200mm x 140mm and the main transverse span is 1m. The 
tension and compression reinforcement in both directions consist of D13@75mm and D13@150mm, 
respectively. The depth of concrete cover is 30mm and no web reinforcement is used (see Figure 1).  
Figure 1: Setup, dimensions, tension reinforcement  arrangement    Figure 2: Shrinkage strain of testing concrete prisms 
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2.2. Induction of initial defects 
To obtain substantial amount initial defects before loading, tests for the confirmation of shrinkage 
were also carried out, in which several concrete prisms (dimensions: 100mm x 100mm x 400mm) with 
different mix proportion were considered. Based on constant water to cement ratio, the effects of water 
content and sand ratio (volume ratio of sand to aggregate) on the dry shrinkage were tentatively and 
concisely examined. As shown in Figure 2, via shrinkage strain data measured by KM strain gauge, 
Case2 was proposed mixture proportion (W/C=69%, W=200kg/m3, s/a=52%) as it satisfied our 
expectation for substantial initial shrinkage. Moreover, wind fan blowing was provided just after casting. 
Therefore a sharply increase of shrinkage at early curing stage can be observed. Some of these shrinkage 
measurements had been lasting until the corresponding slab was subjected to loading experiment. In other 
words, at the starting point of each slab fatigue test, exact shrinkage data of the concrete prisms can be 
taken as a useful shrinkage reference.  
2.3. Experimental cases 
Table 1: Test details for each specimen 
Specimen 
Compressive 
strength Fc 
(Mpa) 
Load 
level 
Loading 
process* 
Loading 
condition 
Shrinkage(ȝ) 
Artificial crack 
Age at 
testing 
(day/year) 
Cement 
type 
E1 17.7 1.00 S Dry 
800~1200 1 Y 
OPC 
E2 17.1 0.70 F, FÆF Dry 
E3 14.3 0.69 F, FÆF Water 
E4 21.4 0.71 F, FÆF Water 400 30 D 
E5 24.7 0.66 F, FÆF Water 
450 
Bending crack 
39 D 
E6 25.0 0.66 F, SÆF Dry 
500 
External restraint 
74 D 
E7 24.1 0.67 F, FÆF Water 
700 
External restraint 
78 D SHC 
* S=static loading; F=fatigue cycle; FÆF=fatigue loading to failure; SÆF=static loading to failure. 
Although RC bridge slab structures are usually subjected to a reversal stress mainly arise from moving 
traffic loads, only central fixed pulsation was considered for avoiding any interference incurred by 
loading pattern. The upper surfaces of several specimens are exposed to water to examine the water effect, 
because bridge slabs are commonly exposed to rain. Artificial cracks were introduced into specimen E5, 
E6 and E7 as initial defects. For E5, bending cracks were generated by pre-static loading with temporary 
upside-down support condition before fatigue loading. For E6 and E7, shrinkage caused cracks by using 
an external restraint system that fixed transverse reinforcing bars to a external frame. The test details for 
each specimen are presented in Table 1. 
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2.4. Reduced fatigue life and failure mode 
As a summarization, Figure 3(a) shows the total fatigue life diagram (S-N diagram) of the slabs. The 
dotted black line is a curve from JSCE standard for fatigue life prediction of RC slab-like structures 
without shear reinforcement. The vertical axis, normalized fatigue strength is the ratio of applying force 
to nominal static shear punching capacity of the slab, namely S. The horizontal axis is the logarithm of 
fatigue cycles N. The red arrowhead line represents the corresponding specimen tests are not ended up 
with fatigue cycles but static loading until failure. 
 
 
 
 
 
 
Figure 3: S-N diagram for slabs subjected to fixed pulsating loads and failure 
mode.  
a) S-N diagram b) Crack pattern of bottom side
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The experimental results indicate that the fatigue life of RC bridge slab is significantly influenced by 
initial defects and water-exposure condition. Specifically, there is little difference on concrete 
compressive strength Fc, normalized fatigue level S and loading exposure condition between E5 and E7; 
the relatively high initial shrinkage in E7 (750ȝ) is considered as the main reason that shorten its fatigue 
life comparing with that of E5 (450ȝ). Similar ways of thinking, water is found to be the reason that 
causes dramatic reduction in fatigue life nearly one order by looking into the pair E2-E3 and E5-E6, 
respectively. In addition, the effect of artificial defects can be qualitatively seized by comparing E4 and 
E5; it is that the initial artificial bending cracks in specimen E5 leads to the almost same fatigue life at 
different load level. 
Furthermore, as a representative case, Figure 3(b) shows the cracks pattern observed from the bottom 
side after loading in case E6. According to this, the failure mode of this specimen is thought to be a shear 
punching failure. All the other specimens (including E1central static loading case) are failed in the same 
mode. 
3. FATIGUE SIMULATION on RC SLAB UNDER FIXED PULSATION 
3.1. Fatigue Constitutive modeling 
In this work, the fatigue simulation system for RC bridge slab has already been enhanced for fatigue 
analysis. This is based on the direct path-integral scheme with fatigue constitutive models made up by 
concrete compression, tension and rough crack shear (Maekawa et al. 2003). That the three fatigue 
constitutive models are both strain path and time dependent ensures loading history and frequency effects 
can be taken into account automatically. The damage of concrete is expressed by incremental plasticity 
and fracturing. This analytical platform had been proved to assess the fatigue performance of RC bridge 
slab under both fixed pulsation and moving loads with varied range of parameters (Maekawa et al. 2006).  
3.2. Simulation prototype 
 
 
 
 
 
 
 
 
 
    
   
Figure 4: Detail information of simulation prototype. 
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A simply supported finite element model (Figure 4(a)) of slab with main transverse span length 1m is 
taken as a standard. Two longitudinal supporting lines close to edge are restrained in vertical direction 
with free rotation. The geometric details, material and reinforcement ratio are the same with the testing 
specimens mentioned in section 2.1. However, the intensive disposal of reinforcing bar in actual slab is 
simulated in a smeared way (Figure 4(b)). It means corresponding equivalent stiffness is endued into 
compression RC, tension RC and plain concrete layer of prototype, respectively.  
Worth mentioning, the initial defects are taken into account by applying different proportion of 
volumetric strain to different mesh layers (Figure 4(c)) considering the bond mechanism provides 
internal tension force in concrete. Since the moisture of surface layers tends to be lost much easier, 
shrinkage strain is higher in surface and lower in middle, the ratio in simulation is 5:1. The drying 
shrinkage strain data from concrete prism tests are applied as input of surface layers. Strain input of 
middle layer can be easily identified by ratio divided. In addition, as shown in Figure 4(c), a linear 
relation between shrinkage strain and simulation steps is served as a process to reflect the time-dependent 
increment of shrinkage strain. In fact, the punching shear failure mode is successfully simulated by 
proportionally adding initial shrinkage strain through this method. Also, the analysis is conducted by 
applying the same loading pattern and load level as the experiment. 
3.3. Simulation results 
                                                                                                                
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Static capacity, loading curve trend, initial stiffness and typical strain, E1 
a) Load to mid-span deflection of E1 
b) Comparison of initial stiffness 
c) Position of picked up strain gauge 
d) Comparison of load to strain 
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The total 7 specimens, E1 is the only static loading case, and it is applied with displacement controlled 
loading by a rate of 0.1mm/min. The experimental load to mid-span deflection relation curve with a 
passage of rapid decline after peak point can be observed. Analyses are carried out and the results are 
compared with experiments in Figure 5(a). Although the static capacities of the cases Ft (concrete tensile 
strength) reduction and basic shows reasonable agreements with experiment, the significant difference in 
initial stiffness (Figure 5(b)) is observed. Then, in order to consider the high initial shrinkage in 
specimen S1, shrinkage strain data (800P and 1200P) was introduced into simulation. Accordingly the 
analytical results agree with the experiment not merely in the aspect of static capacity, but also in initial 
stiffness and trend of loading curve. By picking up typical positions on specimen (surface concrete and 
main tensile reinforcement, see Figure 5(c)) and also the element located in the corresponding position, 
the strain value in analysis is about 80% as compares to that of experiment(see Figure 5(d)). This is 
rational and acceptable since the principal strains calculated from simulation is a mean value of the 8 
Gaussian points in the referential finite element. Therefore, the error of displacement measurement is 
considered to be the main reason that causes the relatively large underestimate of mid-span deflection. 
The maximum principal strain distribution and failure mode are shown in Figure 6. From the 
magnified displacement profile and selected central FE strip layers, the punching shear mode of failure is 
identical with the conical-shaped plane of failure under concentric pulsation. The experimentally 
observed shear punching failure characteristic is well simulated after inducing initial shrinkage into 
analysis. Figure 7 shows the simulation of mid-span deflection under different initial shrinkage. Along 
with the increase of shrinkage, the number of cycles where the deflection starts to increase rapidly is 
much different. This means initial shrinkage defects in RC bridge slab promote damage and lead to 
shorter fatigue life.  
 
 
 
 
 
 
Figure 6: Magnified deformation and shear punching failure simulation of E1 
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Figure 7: Progress of mid-span deflection with the number of cycle     under different initial shrinkage level 
4. CONCLUSIONS 
1. The experimentally observed results are successfully simulated by applying initial volumetric 
strains as drying shrinkages in simulation. It verifies the applicability of the full three-
dimensional nonlinear finite element analytical tool for the investigation of RC bridge slab with 
initial defects under fixed pulsating loads.  
2. Analysis indicates that the initial stiffness of specimen is reduced and the ultimate failure mode 
is altered from flexural to shear punching due to drying shrinkage, accordingly the fatigue life of 
RC bridge slab is obviously shortened.  
3. For practical use, water effect is experimentally investigated and is found to cause dramatic 
reduction in fatigue life of RC bridge slab. 
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